Under the condition of drying and wetting circulation, ordinary concrete, modified concrete containing fly ash, and doubleadmixture concrete containing fly ash and polypropylene fiber were corroded in the solution of Na 2 SO 4 and (NH 4 ) 2 SO 4 . e sulfate concentration of the solution was designed to be 1000 g/L. e compressive strength and splitting tensile strength of the concrete were tested after different number of drying and wetting cycles (0, 2, 4, 6, 8, and 10). e results indicate that the strength of concrete increases in the early stages of corrosion and decreases gradually later. e admixture significantly improves the resistance to sulfate erosion of the modified concrete, while polypropylene fiber plays a less important role on anticorrosion properties. When suffered 10 times of drying and wetting cycle, the compressive strength and splitting tensile strength of modified concrete increase by 28% and 19%, respectively. Based on the test results, the service life of the modified concrete corroded by sulfate was predicted.
Introduction
ere are many saline soil areas containing a large amount of strong corrosive medium, such as sulfate and chloride, in Western China. For example, the sulfate concentration is more than 4200 mg/L in saline soil of Qinghai Province, which belongs to the strong corrosion level and results in severe corrosion of concrete structures [1] .
ere is also a great deal of large soil areas containing sulfate in Canada and the United States, in which concrete drainage pipes, concrete culverts, and foundation were damaged due to sulfate corrosion [2] . In recent years, most of the concrete structures serving long time in seawater environment, such as submarine tunnels, sea bridges, and harbors, were degraded because of sulfate corrosion in different degree, especially in areas where the water level changes as a result of the tides. e sulfate corrosion under dry-wet circulation circumstance causes severe damage to concrete structures.
erefore, the reliability of concrete structures is seriously affected by sulfate erosion.
Concrete corrosion mechanism varies greatly with different sulfate conditions [3] . e different chemical reactions are caused by differences of erosion solution concentrations, temperatures, cation types, and drying and wetting conditions. Santhanam et al. studied the effects of sulfate concentration of sodium sulfate and magnesium sulfate on swelling rate of cement mortar [4] . Ma et al. investigated the failure mechanism of concrete attacked by sulfate in marine tide environment and measured the sulfate concentration at different mix ratio and erosion age [5] . Li researched the degradation models of concrete affected by single-factor or double-factor coupling such as carbonization, sulfate erosion, and freeze-thaw cycle [6] . Yu et al. investigated the deterioration process under the effects of flexure load, dry-wet cycle, and sulfate attack and microstructure of eroded concrete, which indicated that the dry-wet cycle played the major role in concrete damage [7] . At present, due to the different research objectives and the different test environments, the different test schemes and the evaluation indexes are selected to study the performance of concrete subjected to sulfate attack [8] .
erefore, the research in this field is still in a chaotic state [9] , and there is no unified accepted knowledge system. How to improve the corrosion resistance of concrete structures is of great engineering significance. e purpose of researching mechanical properties of concrete subjected to sulfate attack is to improve the anticorrosion capacity of the concrete. erefore, it is of great importance to explore new corrosion-resistant modified concrete materials. In engineering, most of concrete structures work in service under drying and wetting conditions instead of completely dry or wet sulfate environments, which makes the concrete corroded rapidly and severely. In this study, the ordinary concrete, fly ash concrete, and double-mixture concrete (including fly ash and polypropylene) corroded by Na 2 SO 4 and (NH 4 ) 2 SO 4 were tested in drying and wetting conditions with 1000 g/L SO 4 2− in solution. Mechanical properties of modified concrete suffered from sulfate corrosion were researched, and the variation trend of the compressive strength of fly ash concrete was analyzed. Based on the test results, the service life of the modified concrete was predicted.
Experimental Program

Raw Materials and Mix Proportions.
A Chinese standard (GB175-2007) [10] Portland cement Class 32.5R (which has standard compressive strength of 32.5 MPa at the age of 28 days) was used. A Chinese standard (GB/T1596-2005) [11] Grade I fly ash was used as admixture to make the concrete. A Chinese standard (GB/T21120-2007) [12] polypropylene fiber was used to make the concrete, the length of which was 19 mm. Coarse aggregate with a maximum size of 20 mm and fine aggregate with a 2.76 fineness modulus were used. e bulk density and apparent particle density of coarse aggregates were 1450 kg/m 3 and 2720 kg/m 3 , respectively. e slump of concrete was 35∼50 mm. e designed strength grade of concrete was C25. ree types of concrete specimens were cast, including ordinary concrete, fly ash concrete, and double-admixture concrete (containing fly ash and polypropylene). A Chinese standard (JGJ 55-2011) [13] and the mix proportions used in this study are presented in Table 1 .
Experiment Method.
A series of cubic concrete specimens with the size of 100 mm × 100 mm × 100 mm were cast including ordinary concrete, fly ash concrete, and doublemixture concrete. Two solutions of Na 2 SO 4 and (NH 4 ) 2 SO 4 were compounded in the experiment, and the sulfate concentration was designed to be 1000 g/L. Under the condition of each corrosion solution, 12 groups of specimens were casted for each type of concrete, which include 6 groups for compressive strength test and 6 groups for splitting tensile strength test. e total numbers of specimens was 288. e specimens were cured for 28 days at ambient temperature with straw mats and watered twice a day to ensure the moisture of specimens.
e size of the solution box is 1000 mm (l) × 600 mm (w) × 600 mm (h).
During the course of the experiment, the concentration of SO 4 2− in the solution was monitored on time to maintain the concentration unchanged basically. e corrosion solution was reconfigured to replace the original solution when the color of solution was changed or the content of other impurities was excessive. e bottom of the corrosion box was dredged in time so that the corrosion precipitations were not too thick.
e concrete specimens cured for 28 d were immersed in the solutions of Na 2 SO 4 and (NH 4 ) 2 SO 4 , respectively, and separated by some wooden bars each other. e drying and wetting cycle system was designed as one week for immersing in solution and one week for air drying. Two weeks was one drying and wetting cycle. e cubic compressive strength f cu and splitting tensile strength f st of three types of concrete specimens were tested after 0, 2, 4, 6, 8, and 10 cycles, respectively. e strength tests were performed in accordance with Chinese standard (SL 352-2006) [14] .
e electrohydraulic pressure testing machine (Type YA-3000; SCHIAK Company, Shanghai, China) was used in the experiment of compressive strength of concrete cubes. According to the Chinese standard (SL 352-2006), loading should be loaded uniformly and continuously at the speed of 0.3 MPa/S to 0.5 MPa/S. e universal testing machine (Type WE-X00; SCHIAK Company) was used in the experiment of splitting tensile strength of concrete cubes. Loading speed was 0.04 MPa/S to 0.06 MPa/S. e picture of splitting tensile experiment is shown in Figure 1 .
Experiment Results and Discussion
Mechanical Properties of Ordinary Concrete and Modified
Concrete in Different Solutions. Due to different cations, the degrees of concrete corrosion in sulfate solutions are various. e compressive strength and splitting tensile strength of ordinary concrete and modified concrete corroded by Na 2 SO 4 and (NH 4 ) 2 SO 4 varied to dry-wet cycles are presented in Figures 2-4 , respectively.
In Figures 2-4 , the strength development of ordinary concrete and modified concrete corroded by sulfate solutions can be basically classified into two stages which are initial strengthening section and performance deterioration phase. At the beginning of corrosion, ions SO 4 2− react with hydration of cement to form gypsum and ettringite, which is a volume expansion process [15] . Sulfate reactants fill in the holes inside the concrete and the interfacial spaces between the aggregate and paste by means of corrosion reactions, which improve structure compactness and early strength of concrete. As the corrosion time is increasing, more and more expansive corrosion products are formed to increase the internal stress and damage the pore structure of concrete gradually. As a result, the internal microcracks extend continuously so that the strength of the concrete drops gradually in the later stage [16] . From the gures, the splitting tensile strength of concrete decreases faster than compressive strength in the later stage with the increasing of dry-wet cycle number. With the accumulation of microcracks caused by corrosion and the partial exfoliation of surface concrete, the stressed area of the specimen in the splitting test is decreased, and microcrack expansion is accelerated resulting in the sharper declined rate. However, in the compressive strength test, the upper and lower pressure plates restrict the development of microcracks in the surface layer of concrete to some degree, and the downward trend of the compressive strength is slower. e experimental results show that two di erent corrosion solutions make little di erence on the compressive strength of modi ed concrete undergoing the same drying and wetting cycles. However, the splitting tensile strength varies to the di erent solution. At the initial strengthening stage, the splitting tensile strength of modi ed concrete corroded by sodium sulfate is generally higher than that in ammonium sulfate solution. e splitting tensile strengths of y ash concrete and double-admixture concrete in sodium sulfate solution increase 10.9% and 6.8%, respectively, compared with those in the ammonium sulfate solution after four dry-wet cycles. At performance deterioration stage, the splitting tensile strength of the modi ed concrete decreased more rapidly in Na 2 SO 4 to be lower than that in (NH 4 ) 2 SO 4 . For example, the splitting tensile strengths of y ash concrete and double-mixture concrete in Na 2 SO 4 are 93% and 94% of that in (NH 4 ) 2 SO 4 , respectively, after 8 dry-wet cycles.
At the beginning of corrosion, the interaction between NH 4 + and Ca(OH) 2 neutralizes the hardened cement paste, which results in weakening of bond force of the cement gel and aggravation of SO 4 2− corrosion [17] . At the deterioration stage, due to the e ects of drying and wetting cycle, Na 2 SO 4 ·10H 2 O crystal will be precipitated in the internal pores of concrete when the content of Na 2 SO 4 exceeds its solubility [18] . With the increase of the expansible corrosion products, such as ettringite and gypsum, the developing of the internal cracks in concrete is accelerated, and consequently the corrosive e ect of sulfate is exacerbated further. So, the splitting tensile strength of concrete decreases sharply in sodium sulfate solution.
E ect of Admixtures on Corrosion Resistance Properties of
Concrete. In order to intuitively describe the in uence of the admixtures on properties of concrete attacked by sulfate corrosion, the relative compressive strength ratio R c and relative splitting tensile strength ratio R t are de ned to characterize the variation of the strength of the modi ed concrete: e relative compressive strength ratio R c and relative splitting tensile strength ratio R t changes of modi ed concrete corroded by Na 2 SO 4 and (NH 4 ) 2 SO 4 are presented in Figures 5-8, respectively . Figures 5 and 6 show the variation trends of the relative compressive strength ratio and relative splitting tensile strength ratio of y ash concrete and y ash-polypropylene ber concrete eroded by Na 2 SO 4 . Figures 7 and 8 show the variation trends of the relative compressive strength ratio and It is clear that the relative strength ratio curve of modified concrete always exceeds 1.00, which indicates that the addition of admixture improves the ability of sulfate resistance of concrete. Physically speaking, the addition of fly ash reduces the porosity ratio of the concrete and improves the porosity characteristic by replacing a large quantity of cement and fine aggregate, so the impermeability of concrete is increased [19] . Chemically, fly ash reacts with calcium hydroxide to form some gel, which blocks the porous channels and makes the porous structure thinned and concrete structure compacted, to decrease the flow speed of SO 4 2− in pores. In addition, the active effect of fly ash can consume calcium hydroxide, which reduces the amount of calcium hydroxide reacted with sulfate, to slow down the process of sulfate attack and reduce the degree of erosion. Addition of polypropylene fibers effectively controls the development of microcracks of concrete caused by solid plastic shrinkage, drying shrinkage, and temperature change. e performances of seepage proofing and crack resistance of concrete are improved [20] . As can be seen from R c curve, the relative compressive strength ratio of the modified concrete roughly presents growth trend. Due to the faster growth of concrete strength Advances in Civil Engineeringmixed with fly ash, the growth rate of compressive strength of the modified concrete is higher than that of the ordinary concrete in the early stage of corrosion. At the deterioration stage, the strength of the ordinary concrete drops faster. e value of R c reaches its maximum after 10 dry-wet cycles. e compressive strengths of fly ash concrete and double-mixture concrete increase 27.7% and 28% than those of ordinary concrete in Na 2 SO 4 , respectively, and increase 28.9% and 29.3% than those in (NH 4 ) 2 SO 4 . e results show that the admixture materials significantly improve the ability of concrete against sulfate corrosion.
As can be seen from R t curve, the relative splitting tensile strength ratio of fly ash concrete and double-mixture concrete has the maximum value of 1.554 and 1.700, respectively, at the beginning of corrosion. e trends of R t of modified concrete decline at first and then increase later in the two solutions. Compared with the modified concrete, the splitting tensile strength of the ordinary concrete grows faster in the early stage of corrosion and decreases faster in the later stage.
Comparing R c and R t curves of the modified concrete, the strength of double-mixture concrete is higher than that of fly ash concrete at initial corrosion period.
e compressive strength and splitting tensile strength of doublemixture concrete are 1.105 times and 1.091 times as that of fly ash concrete, respectively. However, the strength ratio curves of two kinds of modified concretes are almost coincided after the second cycle. According to the test data, the strength difference between the two kinds of concrete is not more than 10%. erefore, polypropylene fiber plays a role in improving the performance of seepage and crack resistance of concrete but has little effect on increasing the ability of concrete against sulfate corrosion compared with fly ash concrete. Considering the economic efficiency and resource conservation, it is suggested not to add polypropylene fiber into fly ash concrete.
Life Prediction of Concrete Corroded by Sulfate
As mentioned above, fly ash concrete is used as an example to predict the failure time of concrete corroded by sulfate solution. e relative compressive strength is adopted as an index to evaluate the damage process of concrete under sulfate attack.
where K c is the relative compressive strength of concrete specimen suffering drying and wetting cycles, f cn is the compressive strength of concrete specimen after N times of drying and wetting cycles, and f c0 is the compressive strength of concrete specimen without corrosion. e relationship between compressive strength of fly ash concrete and number of drying and wetting cycles can be derived from the test results when the sulfate concentrate is 1000 g/L.
When concrete corroded by Na 2 SO 4 ,
When concrete corroded by (NH 4 ) 2 SO 4 ,
where t is the number of drying and wetting cycles (t � 0, 2, 4, 6, 8, 10,. . .). In (3) and (4) [21] and study of concrete attacked by sulfate [22] , the service life of corroded concrete is calculated as follows: the relative compressive strength of concrete falling to 75% is used as a failure criterion of concrete specimen. F c is adopted as an evaluation parameter, and the calculation formula is as follows:
where F c is the failure coefficient of compressive strength. When the relative compressive strength is less than 75%, concrete specimen is regarded as damaged. Based on (3)- (5) and the designed sulfate concentration, the relative compressive strengths of fly ash concrete corroded by Na 2 SO 4 and (NH 4 ) 2 SO 4 reduce less than 75% after 18 and 16 circulations of drying and wetting; namely, the compressive strength of fly ash concrete reaches its failure bound.
Conclusions
(1) e two different corrosion solutions make little difference on the compressive strength of modified concrete after the same drying and wetting cycles. However, the splitting tensile strength suffering from Na 2 SO 4 is generally higher than that in (NH 4 
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